Homeobox genes encode transcription factors which function in body axis patterning in the developing embryo. Recent evidence suggests that the maintenance of specific HOX expression patterns is necessary for regulating the homeostasis of adult tissues as well. In this study, HOXB7 transformed human mammary epithelial cells, MCF10A, to grow in minimally supplemented medium, to form colonies in Matrigel, and display resistance to ionizing radiation. Searching for protein partners of HOXB7 that might contribute to resistance to ionizing radiation, we identified four HOXB7-binding proteins by GST pull-down/affinity chromatography and confirmed their interactions by coimmunoprecipitation in vivo. Interestingly, all four HOXB7-binding proteins shared functions as genomic caretakers and included members of the DNA-dependent protein kinase holoenzyme (Ku70, Ku80, DNA-PK cs ) responsible for DNA double-strand break repair by nonhomologous end joining pathway and poly(ADP) ribose polymerase. Exogenous and endogenous expression of HOXB7 enhanced nonhomologous end joining and DNA repair functions in vitro and in vivo, which were reversed by silencing HOXB7. This is the first mechanistic study providing definitive evidence for the involvement of any HOX protein in DNA double-strand break repair. [Cancer Res 2007;67(4):1527-35] 
Introduction
HOX genes encode transcription factors that are characterized by a highly conserved trihelical homeodomain that binds to specific DNA sequences. A total of 39 HOX genes have been identified that are organized into four paralogous clusters, HOX-A to HOX-D, on autosomal chromosomes (1) . The functions of homeodomain-containing proteins are diverse and include roles as both classical regulators of transcription and novel roles outside of transcriptional regulation. HOX genes are functionally important in anteroposterior patterning during embryogenesis, homeostasis in adult tissue, cell to cell interactions, and cell to extracellular matrix interactions (reviewed in ref. 2) . Examples of novel roles for homeodomain-containing proteins include the role of human proline-rich homeodomain protein, PRH (known as Hex in studies on hematopoiesis), which interacts with eIF4E to inhibit its mRNA nuclear-cytoplasmic transport function (3) . Given that HOX proteins can bind to very similar sequences in vitro but exert diverse functions in vivo, a fundamental question is how each HOX protein achieves functional specificity. One hypothesis is that functional specificity is attained by physical interaction with various cofactors.
DNA double-strand breaks (DSB), caused by exposure to ionizing radiation (IR), certain chemicals, or occurring during replication, V(D)J recombination, and meiosis, pose a major challenge to the maintenance of genomic integrity. If they are left unrepaired, cell cycle arrest, apoptosis, or mitotic cell death ensues, whereas faulty repair can lead to neoplastic transformation (4, 5) . Nonhomologous end joining (NHEJ) is the major mechanism for the repair of IR-induced DSB, and involves the DNA end-binding heterodimer, Ku70/Ku80, the DNA-dependent protein kinase (DNA-PK), the XRCC gene product, and DNA ligase IV (6) . The Ku antigen binds to and recruits DNA-PK to sites of DNA strand breaks, where DNA-PK is activated to participate in DNA repair. HOXC4 and HOXD4, along with homeodomain-containing proteins Octamer transcription factors 1 and 2, and Dlx2, interact with the COOH terminus of the Ku antigen causing their recruitment to broken DNA ends and phosphorylation by DNA-PK (7). However, the functional significance of this interaction is not known.
Another protein that contributes to genomic stability is poly(ADP) ribose polymerase (PARP). PARP catalyzes the transfer of polymers of ADP-ribose from NAD+ onto protein targets (8, 9) , and regulates both cell survival and cell death programs. A recent study has shed some light on their involvement in DSB repair mediated by NHEJ and by homologous recombination (HR). Hochegger et al. (8) showed that PARP-1(À/À) mutant chicken cells have reduced levels of HR and are sensitive to various DSBinducing genotoxic agents. Interestingly, this phenotype is strictly dependent on the presence of Ku70. PARP-1/KU70 double mutants are proficient in the execution of HR and display an elevated resistance to DSB-inducing drugs. These results suggest that PARP might function by minimizing the suppressive effects of Ku and the NHEJ pathway on HR.
In this study, we found that HOXB7 has the ability to confer both a transformed phenotype and resistance to IR in cultures of human mammary epithelial cells (HMEC), MCF10A. A search for protein interaction partners for HOXB7 that might contribute to this transformation led to the identification of the DNA repair proteins, Ku70, Ku80, the catalytic subunit of DNA-PK (DNA-PK cs ), and PARP. This, among other functions, suggests a role for HOXB7 in DNA repair through NHEJ. We present evidence to indicate that interaction between HOXB7 and the Ku antigens is functionally significant because HOXB7 expression enhances NHEJ, DNA-PK activity, and DNA damage repair in mammalian cells.
Materials and Methods
Cell culture, plasmids, transfections, and antibodies. Breast cancer cell lines were obtained from the American Type Culture Collection (Manassas, VA) and cultured as follows: SKBR3 cells in McCoy's 5A medium containing 15% fetal bovine serum (FBS), MDA-MB-231, MDA-MB-468, and MCF-7 cells in DMEM supplemented with 10% FBS. HMECs, MCF10A, and MCF12A, were cultured as described (10) . Chinese hamster ovary (CHO) cells were cultured in DMEM/F-12 medium containing 10% FBS. All plasmids were sequenced to verify fidelity. FLAG-tagged or green fluorescent protein (GFP)-tagged HOXB7 or vector-transfected cells were selected in 800 Ag/mL of G418-containing medium and cell clones were analyzed for expression of the fusion protein by Western blot and fluorescence microscopy. Expression vectors for Fl-tagged HOXB7 and mutants have been previously described (11) . Transfections were done using Genejammer (Stratagene, La Jolla, CA). Transfection in MCF10A cells was done using Effectene (Qiagen, Valencia, CA) according to the manufacturer's instructions. His-tagged Ku70 and Ku80 expression plasmids were provided by Dr. Kathrin Muegge (National Cancer Institute, Bethesda, MD) and PARP-pCR3.1 was provided by Dr. Solomon Snyder (Johns Hopkins University School of Medicine, Baltimore, MD). SDS-PAGE and Western blots were done as described (12) . The following monoclonal antibodies were used for protein detection by immunoblot: anti-FLAG M2 (Sigma, St. Louis, MO), PARP (clone C-2-10; Invitrogen, Carlsbad, CA), DNA-PK cs (clone G-4; Santa Cruz Biotechnology, Santa Cruz, CA), Ku70 (clone 2C3.11; Novus Biologicals, Littleton, CO), Ku86 (clone B-1; Santa Cruz Biotechnology), Living Colors A.v. (clone JL-8; Clontech, Mountain View, CA) for detection of YFP and HOXB7-YFP, and GST goat polyclonal antibody (GE Healthcare, Piscataway, NJ).
Cell proliferation assays. MCF10A cells stably expressing HOXB7-Fl or vector control cells were grown in RPMI supplemented with 1% or 10% FBS, adherent cells were fixed in 10% formalin for 20 min, stained with 0.1% crystal violet, and lysed in 10% acetic acid. Colorimetric measurements were done using a microplate reader (Molecular Devices, Sunnyvale, CA) at 590 nm. Measurements were done in triplicate and the experiment was repeated thrice. Growth in and on Matrigel was assessed as described in ref. 13 . Colony formation in Matrigel was assessed after 1 week. The number of colonies containing >200 cells was counted. Cells grown on Matrigel were assessed for the formation of threedimensional structures 3 weeks after seeding. The morphology of the structures formed using MCF10A-vec and those formed by MCF10A-Fl-HOXB7 cells were compared and photographed under phase contrast at 20Â magnification.
GST-HOXB7 affinity chromatography and identification of GST-HOXB7-binding proteins. GST-HOXB7 was expressed as previously described (11) . The GST and GST-PRL3 expression plasmids were provided by Dr. Bert Vogelstein (Johns Hopkins University School of Medicine). Quantitation of GST or GST fusion proteins was done by silver staining SDS-PAGE gels using bovine serum albumin as a standard. Soluble fusion proteins, used as controls on protein gels, were eluted from the Sepharose beads with 25 mmol/L of glutathione (Sigma)/PBS (pH 8.0). Cell protein extracts were prepared from SKBR3, MCF10A, MCF-12A, MDA-MB-231 by scraping cells in 500 AL of EBC lysis buffer [50 mmol/L Tris-HCl (pH 8.0), 120 mmol/L NaCl, 0.5% NP40] supplemented with complete protease inhibitor cocktail (Roche, Indianapolis, IN). All cell extracts were precleared by prior incubation for 1 h with 5 Ag of GST-Sepharose. For affinity chromatography, 5 Ag (50-100 AL) of GST-HOXB7-Sepharose or control fusion protein was mixed for 2.5 h at 4jC with 5 mg of cell protein extracts. The beads were washed five times with 1 mL of EBC cell lysis buffer and eluted in 25 mmol/L glutathione/PBS (pH 8.0). Eluates were divided into two aliquots for protein staining or Western blot following SDS-PAGE. Protein identities were determined by one of two methods: direct sequencing from Coomassie blue-stained polyvinylidene difluoride (PVDF) membranes or peptide mass fingerprinting from tryptic peptides of Coomassie blue-stained bands on the gel, both done at the Stanford PAN facility (Palo Alto, CA). All protein identifications were confirmed by immunoblotting with corresponding antibodies.
Coimmunoprecipitation. For coimmunoprecipitation of HOXB7-binding proteins from SKBR3 cells expressing HOXB7-YFP or Fl-tagged HOXB7, 1 to 2 mg of cell protein extracts prepared as described above, were precleared (12) and subjected to immunoprecipitation for 2.5 h at 4jC with the following antibodies: full-length A.v. polyclonal antibodies (Clontech) for immunoprecipitation of HOXB7-YFP, or anti-FLAG polyclonal antibodies (Sigma) for precipitation of FL-HOXB7 complexes according to the suggestions of the manufacturer. Complementary coimmunoprecipitation of HOXB7-YFP with its binding proteins was done with monoclonal antibodies to human DNA-PK cs and human Ku86 (clones H-163 and C-20, respectively; Santa Cruz Biotechnology) as described (12) . To verify the interaction between endogenous HOXB7 with Ku70, Ku80, and DNA-PK under physiologic conditions and the effect of DNA depletion, 1 to 2 mg of whole cell lysates of MCF-7 (with or without ethidium bromide) were subjected to immunoprecipitation with Ku70 and Ku80 antibodies, the immune complexes were loaded onto 4% to 12% NuPAGE gels (Invitrogen) and immunoblotted with anti-HsKu70 (clone 2C3.11; Novus Biologicals), Ku86 (C-20; Santa Cruz Biotechnology), or anti-HOXB7 rabbit polyclonal antibodies (Invitrogen).
DNA repair and cell survival assays. Plasmid end-joining assays were done essentially as described in ref. 14. Briefly, nuclear extracts of SKBR3-HOXB7-YFP or vector-transfected cells were prepared with NE-PER Reagent (Pierce, Rockford, IL). Four micrograms of nuclear extracts were mixed with 0.25 Ag of EcoRV-or BamHI-cut pCDNA3, and digested for 1 h at 25jC in a buffer containing 20 mmol/L of Hepes-KOH (pH 7.5), 10 mmol/L of MgCl 2 , and 80 mmol/L of KCl. The reaction was stopped with the addition of 2 AL of 5% SDS, 2 AL of 0.5 mol/L EDTA, and 1 AL of 10 mg/mL proteinase K and incubation at 37jC. Half of each reaction was resolved by electrophoresis on agarose gels. UV detection and densitometric quantitation was done using EagleEye Software. All experiments were done in duplicate and repeated twice. Relative NHEJ activity was obtained by calculating mean densitometric units of all the end-joined products on the gel.
Cell survival following gamma irradiation, measurements of mitotic indexes and determination of G 1 and G 2 -type chromosomal aberrations after DNA damage. These experiments were done as described in ref. 15 . Cells in plateau phase were irradiated with 3 Gy, subcultured, and examined for G 1 -type aberrations at metaphase. All categories of asymmetric chromosome aberrations were scored: dicentrics, centric rings, interstitial deletions/acentric rings, and terminal deletions. For G 2 -type aberrations, cells in exponential phase growth were irradiated with 1 Gy gamma irradiation. Metaphases were harvested 45 and 90 min following irradiation and examined for chromatid breaks and gaps. Fifty metaphases were scored for each postirradiation time point.
DNA-PK assay. Cell extracts were prepared as follows: MDA-MB-435 cells, cultured as monolayers, were harvested using a cell scraper, washed twice in PBS, snap-frozen on dry ice and stored at À80jC. siRNA expression plasmids were mixed 1:1 for transfection. Plasmids (1 Ag/ well) containing HOXB7 siRNA or siRNA of the scrambled sequence (control) was transfected into six-well plates by use of Effectene (Qiagen) for 24 h.
Measurement of DNA DSBs. Assay of DNA DSB repair activity following DNA damage induced by IR was done under nondenaturing conditions by a standard procedure using pulsed-field gel electrophoresis (PFGE) as described previously (16, 17) . Cells kept on ice received a gamma radiation dose of 50 Gy. Immediately following irradiation, the cells were placed in medium at 37jC, incubated at 37jC for various time periods, trypsinized, washed, and embedded in agarose plugs, lysed, and digested with proteinase K. Plugs were washed in TE buffer [10 mmol/L Tris-HCl, 1 mmol/L Na 2 EDTA (pH 8)] and PFGE was carried out with a contourclamped homogeneous electric field in 0.8% agarose gels. The gels were run at 14jC with linearly increasing pulse times as described (16, 17) . Gels were stained with ethidium bromide and photographed with a charge-coupled device camera system under UV transillumination. Quantitative analysis to determine the fraction of DNA entering the gel provided a measure for the relative number of DSBs. The control cell DNA was normalized to zero and 100% was assigned to DNA of cells treated with 50 Gy with no repair.
Results
HOXB7 elicits a transformed phenotype in MCF10A cells. Overexpression of HOXB7 enabled nontumorigenic breast cancer cells, SKBR3, to form well-vascularized tumors in immunodeficient mice (18) . To investigate whether HOXB7 expression transforms normal breast epithelial cells, a FLAG-tagged (Fl) HOXB7 expression plasmid was transfected into immortalized HMECs, MCF-10A, and pooled G418-selected colonies stably expressing HOXB7 were tested for alterations in growth properties compared with the vector-transfected cells (Fig. 1A and B) . MCF10A cells require a highly growth factor-supplemented medium for optimal growth (19) . In low growth nutrient RPMI with 10% or 1% serum supplementation, unlike vector-control cells, MCF10A-Fl-HOXB7 cells displayed a continued ability to proliferate (Fig. 1A) . Grown in Matrigel in complete medium, in contrast to the minute colonies formed by MCF-10A-vec-transfected cells (Fig. 1C, 1) , MCF10A-Fl-HOXB7 cells formed 200 to 300 cells, anchorage-independent colonies (Fig. 1C, 2 ) within 3 weeks. Grown on Matrigel-coated plates, MCF10A cells formed discrete acini-like structures with a hollow lumen (Fig. 1C, 3) , whereas MCF10A-Fl-HOXB7 cells displayed large irregular solid colonies with cells pushing haphazardly into the surrounding extracellular matrix (Fig. 1C, 4) . Taken together, the results indicate that the MCF10A-Fl-HOXB7 cells exhibit a transformed phenotype like that of MCF10A cells expressing RAS or HER2/neu oncogenes (13, 19) .
HOXB7 increases resistance to IR. Some activated oncogenes render cells resistant to radiation whereas others enhance their susceptibility to IR. The molecular basis of sensitivity to IR is a complex product of cellular responses; loss of cell cycle checkpoints may result in increased sensitivity, particularly if the checkpoint controls G 2 transitions. To determine the effects of overexpressed HOXB7 on the response to IR exposure, several tests were done. Clonogenic survival assays were done using stably transfected MCF10A cells (Fig. 1B) . Upon exposure to low-dose gamma radiation, MCF10A-Fl-HOXB7 cells had an f2-fold enhanced survival advantage over the vector-transfected and parental MCF10A cells ( Fig. 2A) . Similar results were obtained with SKBR3 cells (Fig. 2B ) stably expressing HOXB7-YFP as shown by immunoblotting (Supplementary Fig. S1) .
We also examined G 1 -type (Fig. 2C ) and G 2 -type (Fig. 2D ) chromosomal aberrations in metaphase spreads from subcultured (Fig. 2E) seems to indicate enhanced recovery and repair of DNA damage. The nature of the protection against radiation conferred by HOXB7 in these assays suggests that HOXB7 may affect DNA repair kinetics through the NHEJ pathway.
To explore this further, we tested the DNA repair activities of HOXB7-containing nuclear extracts in vitro by plasmid end-joining assays (14) . This analysis revealed that expression of HOXB7-YFP in SKBR3 cells stimulated the end-joining activity almost 2.5-fold (Fig. 2F) . These results were verified by knockdown of endogenous HOXB7 expression in breast cancer cells, MDA-MB-468, using antisense constructs. Transient transfection of HOXB7 antisense plasmids into MDA-MB-468 cells could suppress the expression of HOXB7 (>75%), and reduce NHEJ activity by f1.6-fold (data not shown). These results suggest a role for HOXB7 in stimulating DNA repair, and raise the possibility that it occurs through NHEJ.
HOXB7 interacts with DNA repair proteins. To investigate whether HOXB7 plays a role in NHEJ, we attempted to identify proteins interacting with HOXB7 in breast cells. Cell extracts of 4, and 7) or YFP alone as a vector control (lanes 2, 5 , and 8 ) prior to immunoprecipitation with GFP antibodies and subsequent Western blot of precipitated proteins. Parental SKBR3 cells, which lack detectable HOXB7, were used as controls as well (lanes 3, 6, and 9 ). Lanes 1 to 3, protein levels in 100 Ag of total cell extracts (5% of input); lanes 4 to 6, proteins that precipitated with HOXB7-YFP or controls that did not express HOXB7 (SKBR3-YFP and parental cells). Normal rabbit serum (NRS ) was used to control for specificity (lanes 7-9 ). D, coimmunoprecipitation of HOXB7-YFP with DNA-PK cs and Ku80 in SKBR3 cells. Complementary immunoprecipitations to those in Fig. 3C were done using SKBR3 cells transiently transfected with HOXB7-YFP (lanes 1, 4, and 7), YFP alone (lane 2, 5, and 8), or SKBR3 parental cells, which do not express HOXB7 (lanes 3, 6, and 9 ). Normal rabbit serum (NRS ; lanes 10-12 ) was used as a nonspecific IgG control. E, DNA is not required for the interaction between HOXB7 and the DNA-PK complex. Extracts of MCF-7 cells were treated with ethidium bromide prior to coimmunoprecipitation with antibodies to Ku70 and Ku80, or p53 as a nonspecific IgG (NS IgG ). Subsequent immunoblotting was done with the antibodies indicated (right ). Top, effective blocking of the interaction between Ku70/80 and DNA-PK by using ethidium bromide depletion of DNA (positive control). Bottom, no effect of DNA depletion on the interactions between HOXB7 and Ku70 and Ku80. SKBR3 (Fig. 3A, lanes 2 and 4) and MCF10A (Fig. 3A, lane 5) were fractionated by affinity chromatography on GST-HOXB7-Sepharose. Analysis of the proteins in column eluates by silver and Coomassie staining after SDS-PAGE revealed the presence of four polypeptides of approximate sizes of 70, 85, 110, and >250 kDa, which did not bind to the GST (lanes 1 and 7) , or to the unrelated GST-fusion protein, GST-PRL3 (lane 6). Similar results were obtained with extracts of HMECs (MCF-12A) and breast cancer cells (MDA-MB-231; data not shown).
To identify the eluted proteins, several methods were used. Direct sequencing from PVDF membranes yielded results for the 85 kDa band, which identified Ku80 from an NH 2 -terminal 17-amino acid sequence (VRSGNKAAVVLCMDVGF). For the 110 and 70 kDa protein bands, peptide mass fingerprints were obtained by MALDI-TOF and compared against those in public databases. Both ProFound and MS-FIT public database searches for the peptide mass maps obtained from the 110 and 70 kDa protein bands identified PARP and Ku70, respectively. Protein identities were confirmed by immunoblotting with antibodies against PARP, Ku80, and Ku70 (Fig. 3B) . Because Ku70/80 are known binding subunits of DNA-PK, the high molecular weight band appearing at the top margin of the gel (>250 kDa) was predicted and confirmed as the DNA-PK cs by immunoblot analysis (Fig. 3B) . The finding of several components of the DNA-PK complex suggested that DNA repair observed in the experiments described above are most likely mediated by NHEJ. We therefore focused our efforts on understanding the interaction of HOXB7 with components of the NHEJ complex.
Next, to test these interactions in intact cells, the associations between HOXB7 and Ku70, Ku80, and DNA-PK cs were analyzed in vivo by coimmunoprecipitation. A HOXB7-YFP fusion construct was stably introduced into the HOXB7-null breast cancer cell line, SKBR3. Fluorescence microscopy confirmed that HOXB7-YFP localized solely to the nucleus (data not shown). Immunoprecipitation with GFP antibodies (which also recognize the YFP variant) showed that Ku70 and Ku80 associated with HOXB7 in vivo (Fig. 3C, lane 4) . Complementary immunoprecipitation using Ku80 (Fig. 3D, lanes 4-6) or DNA-PK cs (Fig. 3D, lanes 7-9) antibodies confirmed the presence of HOXB7-YFP in their complexes (lanes 4 and 7) following transient transfection of this construct into SKBR3 cells. Identical results were obtained when Fl-HOXB7 (Fl-HOXB7pcDNA3) was transiently expressed in SKBR3 cells (data not shown). Complex formation was not affected by DNA damage from UV or IR (data not shown). To rule out the fact that these interactions were just the consequence of overexpressed HOXB7 protein, coimmunoprecipitation analyses were done using protein extracts of breast cancer cells, MDA-MB-435, which express detectable levels of endogenous HOXB7. The results showed that the same interaction between HOXB7 and Ku70/Ku80 occurs under physiologic conditions (data not shown).
The common DNA-binding properties of these proteins raised the possibility that the interactions observed above were mediated through DNA rather than through direct protein-protein interactions. We tested this possibility using two methods. First, DNase I had no effect on the binding of HOXB7 to Ku70/80 in HOXB7-transfected SKBR3 cells (Supplementary Fig. S2 ). This finding was also verified more stringently using extracts of MCF-7 cells which express endogenous HOXB7. As previously shown (20) , treatment with an intercalating agent (ethidium bromide) effectively blocked the interaction between Ku70/80 and DNA-PK because this reaction was completely dependent on the presence of DNA (Fig. 3E, top) . In contrast, depletion of DNA in the extracts using ethidium bromide did not reduce the interactions between endogenous HOXB7 and Ku70 or Ku80 (Fig. 3E, bottom) . We also found no evidence for the interaction of HOXB7 with two other DNA-binding proteins, i.e., BRCA-1 and E2F1 (data not shown). These results suggest that the interaction between HOXB7 and Ku70 and Ku80 are, in all likelihood, specific and not mediated by DNA.
Because complexes formed by interactions between Ku70, Ku80, and DNA-PK cs were well-established, we investigated the nature of these complexes with HOXB7 and the order of their formation. A, Ku70/80 heterodimer formation is a prerequisite for HOXB7 binding. Fl-HOXB7 was transiently expressed in the CHO cells alone or with human Ku70 and/or human Ku80, coimmunoprecipitated with FLAG-antibodies, and immunoblotted with the antibodies indicated (right ). Total protein lysates (100 Ag; 5% of input). B, defining the region of HOXB7 that interacts with Ku70/80 proteins. Top, schematic representation of FLAG-tagged HOXB7 (FLAG-HOXB7 ), and deletion constructs. Locations of the FLAG tag (Fl ), homeodomain (H ), and deletions of the third helix (Dh3 ) of the homeodomain, and of the glutamic acid-rich tail (DGlu ). Bottom, Fl-HOXB7, HOXB7-Dh3, and HOXB7-DGlu were transfected into SKBR3 cells, and cell lysates were subjected to coimmunoprecipitation with the anti-FLAG antibody, and then immunoblotted with the antibodies indicated (left ).
Experiments introducing Fl-HOXB7 into CHO cells (Fig. 4A) showed that coexpression of human Ku70 and human Ku80 was required for the association of either Ku subunit with HOXB7. These results raise the possibility that Ku70/Ku80 heterodimer formation is a prerequisite for HOXB7 binding.
In order to define the region of HOXB7 that interacts with Ku70/80 proteins, full-length Fl-HOXB7 and HOXB7 with deletions of helix 3 of the homeodomain (HOXB7-Dh3) or of the glutamic acid tail (HOXB7-DGlu; Fig. 4B, top; ref. 11) were transfected into SKBR3 cells, and cell lysates were subjected to coimmunoprecipitation with FLAG antibody (Fig. 4B, bottom) . The results showed that deletion of helix 3 from the homeodomain in HOXB7 (lane 3) completely abolished the interaction between HOXB7 and Ku70/80 proteins. In contrast, removal of the glutamic acid tail from HOXB7 (lane 4) did not affect the interaction. These results show that the integrity of the homeodomain is essential for the interaction between HOXB7 and Ku70/Ku80.
Expression of HOXB7 stimulates DNA-PK activity and enhances NHEJ. Because Ku70/80 is the DNA-binding subunit of DNA-PK, it is plausible that the observed interaction between Ku70/80 and HOXB7 may affect the catalytic activity of DNA-PK, and therefore NHEJ. To investigate the effect of HOXB7 expression on DNA-PK activity, MDA-MB-435 cells were transiently transfected with HOXB7 constructs (protein expression shown in Supplementary Fig. S3 ). As shown in Fig. 5A , the expression of HOXB7 resulted in an increase in DNA-PK activity (P = 0.036). Expression of HOXB7 lacking helix 3 of the homeodomain eliminated this effect, consistent with the finding that interaction between HOXB7 and Ku70/80 proteins is abolished by deletion of helix 3 from the homeodomain in HOXB7 (Fig. 4) .
Because increased DNA-PK activity was abrogated by the deletion of helix 3 of HOXB7 (Fig. 5A) , we further studied the effects of this deletion in clonogenic assays and in a DNA DSB repair assay. SKBR3 cells were transiently transfected with Fl-HOXB7, HOXB7-D h3, or empty vector ( Supplementary Fig. S4 ) and exposed to IR; survival of the cell clones was compared with mock-irradiated (0 Gy) cells. Unlike full-length HOXB7 protein, HOXB7-Dh3 was unable to efficiently protect cells from the effects of IR. The difference in cell survival postirradiation between cells with full-length and those with mutant HOXB7 was significant (Student's t test, P < 0.05; Fig. 5B ). Thus, deletion of the h3 domain of HOXB7 eliminated protection against IR afforded by the full-length HOXB7 protein.
To determine if improved survival after radiation was a reflection of higher efficiency of repair of the DNA DSBs caused by the presence of HOXB7, SKBR3 cells transfected with Fl-HOXB7, HOXB7-D h3, or empty vector were used. An ataxia telangiectasia cell line, GM5823, was used as a known repair-deficient control. Cells were irradiated with 50 Gy and lysed at different intervals after irradiation. Unrepaired DNA breaks were resolved by PFGE under nondenaturing conditions. SKBR3 cells were as inefficient at DSB repair as the ataxia telangiectasia cells. Cells overexpressing HOXB7 had the least amount of residual DNA DSBs. The effect of wild-type HOXB7 on residual DNA damage in cells was significant (Student's t test, P < 0.05). Deletion of the h3 domain of HOXB7 abrogated the protective effect (Fig. 5C) . Collectively, these experiments provide evidence that HOXB7 plays an important role in DNA DSB repair. Furthermore, the h3 domain of HOXB7 is essential for the enhancement of DNA DSB repair through NHEJ.
Knockdown of endogenous HOXB7 reduces the efficiency of DNA repair. Our results provide strong support that HOXB7 Figure 5 . HOXB7 stimulates DNA-PK activity and the helix-3 domain is indispensable for HOXB7-mediated enhancement of cell survival and NHEJ. A, DNA-PK activity is enhanced in HOXB7-expressing cells. DNA-PK activity was measured in DNA-depleted whole cell extracts prepared from cells transiently transfected with either the empty vector or with plasmids expressing Fl-HOXB7 or HOXB7-Dh3. Columns, mean values of duplicate samples from three experiments; bars, SD. B, clonogenic survival assays. Survival of SKBR3 cells transiently transfected with Fl-HOXB7, HOXB7-Dh3, or the empty vector after irradiation were compared with mock-irradiated (0 Gy) controls. C, DNA DSB repair. Cells were irradiated with 50 Gy and lysed at different periods after irradiation. Control cells are repair-deficient ataxia telangiectasia cells (AT ), GM5823. Unrepaired DNA breaks were measured under nondenaturing conditions. Points, means from three independent experiments; bars, SD.
associates with members of the DNA-PK holoenzyme. Initial findings had pointed to enhanced DNA repair capability in HOXB7-overexpressing cells (Figs. 2 and 5 ). To further test the relevance of these findings and the contribution of HOXB7 to DNA repair, survival after IR exposure following suppression of HOXB7 expression using siRNA was investigated. The expression of transfected HOXB7-specific siRNA into both MCF-7 (Supplementary Fig. S5 ) and MDA-MB-468 cells (Supplementary Fig. S6 ) reduced clonogenic survival significantly (P < 0.01; Fig. 6A and B) . Next, chromosomal aberrations were analyzed at metaphase after irradiation of MDA-MB-435 cells with or without reduced levels of HOXB7 (Supplementary Fig. S7 ). All categories of asymmetric chromosome aberrations were scored. The frequency of chromosomal aberrations was higher in cells with reduced levels of HOXB7, indicating defective repair of chromosome damage (Fig. 6C) . Cells with HOXB7 knockdown showed significant differences (P < 0.01) in chromosomal aberration frequencies compared with control cells (Fig. 6C) . To further investigate the capacity of the G 1 -arrested cells to repair DSBs induced by IR, and to determine if this effect was mediated by HOXB7, PFGE was done on DNA from gammairradiated MDA-MB-435 cells transfected with scrambled siRNA or with HOXB7-specific siRNA ( Supplementary Fig. S7 ). Indeed, the specific siRNA treatment significantly (P < 0.04) increased the level of unrepaired DNA DSB (Fig. 6D) . Collectively, these data strongly suggest that HOXB7 could protect cells against DNA damage induced by IR exposure, possibly by conferring a higher efficiency of DNA DSB repair.
Discussion
This study reports that HOXB7 is capable of transforming HMECs and of conferring resistance to IR. Resistance to IR seems to be through the binding of HOXB7 to proteins involved in DNA DSB repair, i.e., Ku70, Ku80, and DNA-PK cs . This is the first report demonstrating that HOXB7 acts as an oncogene, interacts with members of the DNA-PK holoenzyme, and plays a role in DNA DSB repair.
It is intriguing that HOXB7 is not only a transcriptional regulator, but also functions in DNA DSB repair. We have shown that one possible mechanism is by direct or indirect enhancement of the activity of a key enzyme, DNA-PK. Our results do not, at the present time, rule out transcriptional regulation of DNA repair genes as a possible mechanism. There is precedence for this premise. For example, when the Pem homeodomain-containing gene was expressed in murine Sertoli cells, it increased the number of DNA single-strand and double-strand breaks in the neighboring cells by regulating the expression of genes which affect DNA repair or chromatin remodeling (21) .
Recent studies suggest that several other homeodomaincontaining proteins may also play roles outside of transcriptional regulation, or have homeodomain-independent functions. Thus, the human proline-rich homeodomain protein, PRH (known as Hex in hematopoietic studies), interacts with eIF4E and inhibits its mRNA nuclear-cytoplasmic transport function (3) . In addition, a variant of the CSX1 (CSX1b) protein lacking the homeodomain, retained its function (22) , and a splice variant of Meis2 (Meis2e) Figure 6 . Knockdown of endogenous HOXB7 reduces DNA repair efficiency. A and B, clonogenicity after exposure to radiation of MCF-7 and MDA-MB-468 cells transfected with HOXB7-specific siRNA. Clonogenic survival assays of MCF-7 (A) or MDA-MB-468 (B) cells stably transfected with plasmids expressing either scrambled sequence siRNA (Scr.-siRNA ) or HOXB7-specific siRNA (HOXB7-siRNA ) were done. Survival was calculated on day 14 for MCF-7 and on day 10 for MDA-MB-468 relative to mock-irradiated (0 Gy) controls. C, analysis of chromosome damage and repair in MDA-MB-435 cells with or without reduced levels of HOXB7. Cells with HOXB7 knockdown (HOXB7-siRNA ) showed significant differences in chromosomal aberration frequencies per metaphase compared with control cells (Scr.-siRNA ). D, knockdown of HOXB7 reduces level of DNA DSB repair in MDA-MB-435. Cells with and without reduced levels of HOXB7 by transfection of HOXB7-specific (HOXB7-siRNA ) or scrambled siRNA (Scr.-siRNA ) along with parental cells were irradiated with 50 Gy and unrepaired DNA breaks were measured by PFGE. Points, means from three independent experiments; bars, SD.
lacking a complete homeodomain possessed some regulatory function (23) . Studies in Drosophila have shown that the fushi tarazu protein has homeodomain-independent functions (24) . Thus, novel functions of homeobox proteins, and those independent of their homeodomains, are beginning to be described.
We have shown that cell survival following IR was enhanced in four different HOXB7-expressing breast cancer cell lines. Our data indicated enhanced end-joined product formation and enhanced DSB repair (Figs. 2, 5, and 6 ). When chromosomal damage and cell survival following IR was measured, we found that somewhat less residual damage was apparent in cells expressing HOXB7, an effect that was reversed by HOXB7 silencing (Fig. 6A-D) . These results indicate that cells expressing HOXB7 have enhanced survival and DNA repair rates compared with nonexpressing controls. The idea that a protein enhancing DNA repair can be an oncogene is somewhat counterintuitive. However, the NHEJ pathway for DNA DSB repair is error-prone compared with that of HR (25) . Perhaps HOXB7-expressing cells, which have better survival post-IR exposure and have enhanced NHEJ activity, may harbor more potentially deleterious mutations, leading to a decrease in genomic stability. Enhanced resistance to IR could allow them to accumulate further mutations that initiate tumorigenesis. It would thus be important to determine the genomic integrity and chromosomal stability of these cells.
Interactions similar to the ones reported in this study with Ku were also shown for Werner's syndrome protein (26) . In addition, Werner's syndrome protein binds to many other proteins involved in DNA replication and repair, including Rad 52 (27) , which we have also found to be associated with HOXB7 immunocomplexes. 6 It is plausible that many other DNA repair-associated proteins form complexes with Ku and PARP, and that this type of complex formation may represent a hallmark of a subset of proteins involved in the same pathway regulating genomic stability. The evidence shown here, indicating roles for HOXB7 in enhanced cell survival and DNA repair rates after irradiation, suggests that HOXB7 joins other important proteins in its involvement in DNA repair and maintenance of genomic stability. Taken together, it seems that HOXB7 may play a novel role in DNA repair by forming complexes with the Ku proteins.
